It has also been reported that membrane fluidity is very much dependent on the membrane lipid composition as well as the number and position of the double bounds of the FA chains.'5,'6,'R.20 Recently, fetal cord blood puncture under ultrasonographic control has made fetal RBC analytic studies possible. We took advantage of this technologic advance to study the evolution of the RBC parameters of filterability, membrane fluidity, and RBC membrane lipid composition during fetal life and to compare them with neonatal and adult RBCs. Comparisons were also made to examine correlations between RBC filterability, cell size and viscosity, membrane fluidity, and lipid composition.
samples were used in this study. Two groups of fetuses were distinguished based on the terms of gestation: group 1 (Gl) from 20 to 25 weeks and group 2 (G2) from 26 to 35 weeks. Blood from neonates, group 3 (G3), was drawn from the placental vessel promptly after spontaneous vaginal delivery. Adult blood, group 4 (G4), was drawn from cubital veins of normal adult volunteers. Samples were EDTA anticoagulated. RBC parameters such as mean cellular volume (MCV) and mean cell hemoglobin content (MCHC) were determined by an ELT 800 counter (Ortho Diagnostic System, Westwood, MA). Aliquots of the cells were washed twice in 0.15 mol/L NaCl solution and kept on ice for further studies or treated for ghost preparation as already described" and stored at -20°C.
Reagents
The membranes used were nuclepore polycarbonate membranes of 13-mm diameter with pore of nominal 3 pm (Nuclepore Corporation, Pleasanton, CA); the reagents used were 1,6-diphenyl-1,3,5-hexatriene (DPH), trimethylamino-diphenylhexatriene (TMA-DPH), Perylene (Interchim, Montlucon, France); high-performance thin-layer chromatography (HPTLC) plates, standards, and chemicals (Merck, Darmstadt, Germany). Reagents were of analytical grade.
Methods
RBC filterability was measured on an Erythrometer (SEFAM, Nancy, France) according to the method of Stoltz et a1.*' Washed RBCs were resuspended in a tris-buffer saline (TBS), containing 0.2% serum bovine albumin to a 5% hematocrit dilution. This RBC suspension was filtered for 3 minutes at constant rate through a polycarbonate membrane. The RBC filtration, expressed as a filtration index I, is the ratio of the initial pressure (pressure of the buffer) to the final pressure obtained after 3 minutes of filtration of the RBC suspension.
Fluidity consists of rotational diffusion, which is related to microviscosity and hindered anisotropic rotations, which are related to lipid
The measurement of membrane physical properties was achieved using fluorescence polarization with probe molecules inserted into membranes. Three different fluorescent probes, which enter the membrane lipid bilayer at different levels, were used. Both DPH and perylene when inserted into the lipid bilayer in the region of the carbon 12 to 16 FA chains give indications of the degree of order owing to the difference of their shape2'; TMA-DPH stays at a superficial level RBCfiltration. near the phospholipid polar heads." The basic principle of measuring fluorescence polarization is that the sample is excited with vertically polarized light, and emission is measured through polarizers both parallel (Ill) and perpendicular (1') to the excitation p01arizer.l~ Until recently, fluorescence polarization was expressed as anisotropy (r) in which:
RBC membranejuidity.
Using the Perrin equation:* anisotropy is directly related to microviscosity. There is an inverse relationship between the two parameters: the higher the anisotropy the lower the fluidity. Fluidity is the opposite of microviscosity.
RBC membrane fluidity was determined by fluorescence polarization, performed on a spectrofluorometer (Kontron SPM 25, Balsen, Switzerland) equipped with a polarization accessory. Ghosts were prepared as previously described."
Phospholipid (PL) content was measured using the Bartlett while an enzymatic method (Biotrol, Paris, France) was used to measure CH. The results of CH and PL are expressed relative to ghost protein level measured according to the method of Lowry et al. '' To measure the different PL subfractions, a monodimensional separation of PL was performed on HPTLC, as previously described." The PL subfraction rates were subsequently obtained by densitometry (Cliniscan densitometer; Helena, Cergy Pontoise, France). A complete twodimensional separation of PL was performed using HPTLC according to the method of Sun.)' PLwere scraped and methylated with a boron trifluoride methanol complex for 10 minutes. The FA methyl esters (FAMES) were then extracted using n-hexane, separated, and quantified by gas-liquid chromatography (Carlo Erba HRGG 5300, Milan, Italy), fitted with a flame ionization detector (FID). The FAMEs were analyzed with a fused silica capillary column of 26 m x 0.3 mm internal diameter coated with a CP wax 57B phase immobilized in situ in a film thickness of 0.2 pm (Chrompack, Middelburg, The Netherlands). The carrier gas was hydrogen at a pressure of 0.4 bar. The retention times and areas under the peaks were calculated with a SP-4100 computing integrator (SpectraPhysics, San Jose, CA). Before gas-liquid chromatography, a known quantity of a standard (C17:O) was added to each PL subfraction so that each FAME could be expressed as a percentage of the total FA in each PL subfraction.
The analysis of variance (ANOVA) was used to study the age factor between the groups. The Fisher F test was used to test that the variances were not different. The means, standard errors of the mean (SEM), and probabilities P were calculated using the Student's t-test between G1 (20-to 25-weekold fetuses) and the other groups. The correlation coefficient r and the regression lines were subsequently determined.
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RESULTS
RBC Parameters
The MCV decreased during fetal maturation from 127 p, 3 at 22 weeks of gestation to 106 k3 at birth ( Table 1) . After birth, there was an additional decrease reverting to the mean normal adult value of 90 p3 (P < .01, G l v adults).
Similar decreases were found in the MCHC. Measurements were determined by an ELT 800 counter (Ortho). *P < .01 vG1, using the Student's t-test. tP < .05 v GI, using the Student's t-test.
Results are mean f SEM.
( Table 2 ). Also, the difference between each group is significant. The filtration index I further decreased after birth to the mean normal adult value of 10.43 (P < .0001, G1 v G4). Thus, there was a 3.5-fold difference in filtration index values between younger fetal (20 to 25 weeks) and adult RBCs.
The microviscosity, expressed as anisotropy, obtained with DPH, TMA-DPH, and perylene showed no differences between the groups (Table 3) .
Biochemical Parameters
There were no differences between the groups for either CH, PL, or the CH/PL ratio ( Table 4) .
The comparison of relative levels of SM, PC, phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidic acid (PA), and PE, calculated by densitometry after separation on HPTLC, showed no major differences (Table S) , except for PC, which decreased from 30.3% at 22 weeks gestation to 26.7% at birth (P < .OOOl). This modification, in fact, occurred between week 30 of gestation and birth, at which time the value was the same as that for adults.
Total FA determination (Table 6) showed no important modifications during fetal maturation, except for oleic acid (18:lw9), which decreased (P < .0001), and homo-ylinolenic acid (20:3w6), which increased (P < .0001), and docosatetraenoic acid (22:4w6), which slightly increased (P < .OS). The FA composition of the various subfractions was also determined. FA composition of PC and PE, which represent the most important PL, showed some differences between the groups (Tables 7 and 8 ). In PC, and to a lesser extent in PE, a decrease in saturated and monounsaturated FA was observed, while an increase was found in polyunsaturated FA during the fetal life.
Correlations
Correlations between biophysical and biochemical parameters were determined and the level of significance of the RBC fluidity. 
Biophysical Parameters
The filtration index I decreased dramatically during fetal life; the difference of I between group 1 (37.13) and 3 (24.98) is highly significant (P < .0001)
RBCfilterability.
The filtration index (I) was obtained after RBC filtration at constant rate through 3-pm diamater Nucleopore filter. Results expressed as absolute values (mean -+ SEM). *P < .050vG1. t P < .0001 vG1.
For correlation was analyzed using the Student's t-test. There were no significant correlations between the different parameters except for the filtration index I and the hematologic parameters: I and MCV, r = .62, P < .001; I and MCHC, r = .47, P < .01) (Fig 1) .
DISCUSSION
Biophysical Parameters
In all other previous studies, fetal RBC deformability has been measured in the blood of premature infants drawn after delivery, whereas in our study measurements were made on fetal blood drawn in utero. We found that the fetal RBC filtration index was very much increased (3.5-fold higher) compared with adult RBCs. This important difference in filterability between fetal and adult RBCs cannot be related to RBC membrane fluidity, which, when measured by fluorescence polarization, showed no variation either during fetal life or after birth. The most likely explanation for these observations is that the techniques used do not measure RBC physical properties in the same way. The filtration method is influenced by factors that play a role in RBC def~rmability?~," including membrane flexibility, cell size, and internal cellular viscosity. In contrast, the fluorescence polarization method is performed on ghosts and specifically reflects the membrane fluidity. This absence of correlation between the modification of the RBC filterability and a normal membrane fluidity has already been shown for diabetic patient^.^^.'^ In this study we have shown that cell size and erythrocyte filterability vary during the fetal life and that there is a strong correlation between these two parameters. Therefore, the impaired filterability of the fetal RBCs is strongly related to their larger size and internal cell viscosity.
Biochemical Parameters
The variation of the RBC membrane lipid composition during fetal maturation was found to be moderate. Changes in CH and PL values in fetal, neonatal, and adult RBCs were not significant. When the different PL subfractions were compared, the only significant, although small difference (3.5%) that existed was found in PC, which decreased during fetal maturation. A slight decrease in oleic acid and a slight increase in both homo-y-linolenic acid and docosatetranoic acid were also found. Earlier studies have compared membrane lipid composition of neonatal and adult RBCS'.',~-* or premature infants of different birth weights and adult RBCS~,~#'-" but not of fetal RBCs. None of these studies have analyzed the RBC membrane FA composition of the different PL subfractions. In all of these studies, as in ours, there was no significant difference in CH and PL between prematures, neonates, and adults. Our PL and FA values are similar to those obtained by Neerhout' when he compared premature infant and adult RBCs.
In this study, we have, therefore, shown quantitative and qualitative modifications of PC. This is a PL located in the external leaflet of the RBC membrane. The increase in polyunsaturated FA in PE during the fetal life, which is located in the internal leaflet, is not as important as those in PC. The differences observed in the RBC membrane lipid composition between fetuses and adults cannot be related to a de novo synthe~is.'~ Prior ~t u d i e s~~~~~~~' -~~ have reported the influence of maternal alimentation and of plasma lipid composition on premature RBC membrane lipid composition. Contrary to that, in our study the population was homogeneous and the standard error of the mean (SEM) obtained in each different group was narrow, showing that there were no drastic variations within the group.
Relationship Between Biophysical and Biochemical Parameters
In the present study there was no correlation between RBC membrane CH and RBC filterability. It has been ShoWn12-14.16 that CH has an ordering effect on RBC membrane, therefore decreasing its fluidity. Further, Demel and Measurements were performed using gas-liquid chromatography after extraction and methylation of PL. Results are expressed as percentages *P < .05vG1. t P < .0001 vG1. SP < .01 vG2.
(mean f SEM). De KruyfF7 reported that this effect was increased when FA had a higher degree of unsaturation. The influence of CH on RBC filterability has also been suggested from studies of patients with hepatic disorders.w4 For diabetes, the results obtained were more c~ntradictory.~~"~.~'-~~ During fetal maturation in our study and during postnatal maturation in previous s t u d i e~,~,~-~, '~ as in ours, there were no modifications of RBC membrane CH and PL composition. Therefore, the slight changes in CH and PL cannot explain the important modifications in fetal RBC filterability.
During fetal maturation we found a slight decrease in PC with a decrease of saturated FA and an increase of polyunsaturated FA. However, no correlation was found between these modifications and RBC filterability. It has been shown by some investigators that PC,13.'6,19 as well as the degree of unsaturation of the FA chains,'5z18,20 increases RBC membrane fluidity. In fetal RBCs, the effect of the decrease of the concentration of PC, which should decrease the RBC membrane fluidity and RBC deformability, is balanced by the increase of polyunsaturated FA.
It therefore appears that the lower filterability of fetal RBCs is not related to any membrane lipid modification nor to a decrease in membrane fluidity. Thus, it is probably not a consequence of membrane rigidity. Rather, it is related to the much larger size of the fetal RBCs and higher internal viscosity of these cells at this early stage in human development. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From
